The adaptations of sympathetic nerve activity (SNA) during pregnancy remain poorly understood. An increase in blood volume, cardiac output and SNA, with a concomitant drop in total peripheral resistance (TPR), suggest that during pregnancy there is a reduced transduction of SNA into TPR. Most of these findings have originated from cross-sectional studies; thus, we conducted a longitudinal assessment of SNA and TPR in two participants. Measurements were made before pregnancy (early follicular phase), on four occasions during pregnancy and at 2 months postpartum. Mean arterial pressure and cardiac output were used to calculate TPR. The SNA was measured using microneurography (peroneal nerve). There was a gestation-dependent increase in SNA burst frequency (r 2 = 0.96, P = 0.009). Neurovascular transduction, however, decreased by 53% in both women. Sympathetic hyperactivity was reversed postpartum, whereas neurovascular transduction remained lower. These longitudinal data highlight the progressive sympatho-excitation of pregnancy, which is offset by a concurrent reduction in neurovascular transduction.
INTRODUCTION
During normal pregnancy, the cardiovascular system undergoes numerous adaptations to ensure adequate uteroplacental perfusion, leading to appropriate oxygenation and nutrient delivery to the fetus (Tan & Tan, 2013) . Blood volume expansion is secondary to an increase in plasma volume that starts during the first trimester and plateaus by 34 weeks of gestation (∼46% greater compared with non-pregnant women; Chang & Streitman, 2012; de Haas, Ghossein-Doha, van Kuijk, van Drongelen, & Spaanderman, 2017) . To accommodate this significant increase in volume, functional changes occur, including an increase in stroke volume and heart rate (HR), which leads to an increase in cardiac output (Q; Melchiorre, Sharma, & Thilaganathan, 2012) . Simultaneously, systemic vascular resistance decreases because of peripheral vasodilatation (Duvekot, Cheriex, Pieters, Menheere, & Peeters, 1993; Valdes et al., 2009 ). This results c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society in an overall decrease in blood pressure, with a nadir in the second trimester (Chang & Streitman, 2012 ).
We and others have shown that basal sympathetic nerve activity (SNA) is significantly elevated in healthy pregnant women (Greenwood, Scott, Stoker, Walker, & Mary, 2001; Jarvis et al., 2012; Okada et al., 2015; Usselman et al., 2015a Usselman et al., , 2015b . This apparent dissociation between SNA and vascular resistance and blood pressure is intriguing. Recently, a case study reported on a longitudinal assessment of resting SNA throughout pregnancy (Hissen, El Sayed, Macefield, Brown, & Taylor, 2017) . Their findings showed that SNA and sympathetic baroreflex sensitivity increased during pregnancy, whereas cardiac baroreflex sensitivity peaked in the first trimester and then declined throughout pregnancy.
Given the difficulty in collecting serial measures of SNA during pregnancy, the majority of data regarding sympathetic regulation during pregnancy (but not all; Hissen et al., 2017; Okada et al., 2015) 
New Findings
• What is the main observation in this case?
The main observation of this case report is that during pregnancy there is a progressive sympatho-excitation in basal conditions and under stress, which is offset by a concurrent reduction in neurovascular transduction.
Strong correlations between autonomic nervous system activity and sex hormones (oestrogen and progesterone), vasopressin and aldosterone were found.
• What insights does it reveal?
Our findings suggest that hormonal surges might be associated with central sympathetic activation.
come from cross-sectional studies and often use postpartum data as a proxy for pre-pregnant values. Thus, our case report provides valuable information regarding the progressive adaptation of sympathetic regulation throughout gestation. In this context, our goal in the present study was to examine the changes in sympathetic activity not only at rest, but also in response to a cold pressor test (CPT), along with haemodynamics, sex hormones, volume-regulatory hormones and neurovascular transduction from two women before pregnancy, serially during their pregnancy and 2 months postpartum.
METHODS
We conducted longitudinal assessments of SNA, haemodynamics and plasma hormones in two Caucasian participants before pregnancy [early follicular (EF) phase], throughout their pregnancies [first, second and third trimester] and 2 months postpartum. For all of their visits, participants were asked to abstain for 12 h from caffeine, alcohol and strenuous exercise, and they arrived at the laboratory at 08.00 h. Blood samples were obtained in fasting conditions (12 h). The SNA was recorded via peroneal microneurography as previously described (Usselman et al., 2015a System, Enschede, Netherlands) and HR (lead II ECG) were recorded for 10 min. Sympathetic reactivity was subsequently assessed during a CPT protocol (hand in ice water for 3 min). Sympathetic nerve activity was subsequently expressed as the integrated burst frequency (BF) and incidence. The spontaneous relationship between burst occurrence and diastolic pressure was used to calculate baroreflex control of SNA, as previously described (Usselman et al., 2015a) .
Total peripheral resistance (TPR) was calculated as mean arterial blood pressure (MAP)/Q, and transduction was calculated as TPR/BF (Usselman et al., 2015b) at baseline, the caveat being that this relationship has been observed to be stronger in men compared with women (Hart et al., 2009 
RESULTS
Participant 1 was a 36-year-old woman, in her second gestation (interpregnancy period 17 months), and participant 2 was a nulliparous 24-year-old woman. In both participants, pre-pregnancy body mass index was healthy (22 and 21 kg m −2 , respectively) and weight gain during their current pregnancy was normal (13 and 12 kg, respectively). Neither of the participants had a history of cardiovascular or endocrine diseases. Before conception and throughout their pregnancies, blood parameters and haemodynamics were within the normal range for both participants (Table 1) . For participant 1, the EF assessment was done 8 weeks before she became pregnant.
For participant 2, the EF assessment was done 7 weeks before she became pregnant. Compared with the EF phase, by the third trimester of pregnancy, HR andQ increased by 29 and 24%, respectively, whereas MAP decreased by 11% ( Figure 1 ) and TPR decreased by 28% (Table 1) . We observed a gestation-dependent increase in sympathetic BF (r 2 = 0.96, P = 0.009) and burst incidence (BI; r 2 = 0.89, P = 0.01) in both participants ( Figure 1 ). Interestingly, there was some heterogeneity in how these changes occurred between women.
When contrasted with concurrent change in blood pressure, however, neurovascular transduction decreased in both women (by ∼53% by the late third trimester; Table 1 ).
The sympathetic baroreflex gain was attenuated during pregnancy in participant 1 (r 2 = 0.93, P = 0.007; Figure 2a ), whereas participant 2 had a similar baroreflex gain before, during and after pregnancy (r 2 = 0.36, P = 0.393; Figure 2c ). Changes in the responses to the CPT were similar between women, with both participants demonstrating a gradual increase in SNA throughout pregnancy (BF increased by 47% by the early third trimester) with a concomitant decrease in the systolic blood pressure response (by 41% by early third trimester).
Regarding neurovascular transduction during CPT, we found that there was a decrease in the sensitivity of the vasculature to increases in SNA in early-to mid-pregnancy, which increased by term in participant 1 (Figure 2b ) but not in participant 2 (Figure 2d ).
There was a continuous increase in plasma concentrations of insulin, vasopressin, aldosterone, renin activity, oestrogen, progesterone and testosterone, with a modest decrease of glucose. Moreover, we found that there was a positive correlation of the BF and BI with aldosterone, oestrogen and progesterone for participant 1, whereas vasopressin was positively correlated with BF and BI in participant 2.
( Table 2 ) When the data were combined, we found that SNA (either BF or BI) was positively correlated with aldosterone, vasopressin, oestrogen and progesterone (Table 2) .
TA B L E 1 Sex hormones, blood volume-regulating factors and haemodynamic parameters before and during gestation and 2 months postpartum Abbreviations: EF, early follicular; PP, postpartum; and TPR, total peripheral resistance.
DISCUSSION
The changing role of the sympathetic nervous system in the control of blood pressure throughout pregnancy remains poorly understood.
Two longitudinal studies have documented the changes in basal SNA before, during and after pregnancy, demonstrating an increase in SNA during pregnancy (Hissen et al., 2017; Okada et al., 2015) . However, there remains limited information regarding the dynamic second and early third trimesters, highlighting the need to increase our knowledge in this area of research. The present case series study demonstrates, for the first time, that the progressive sympatho-excitation during pregnancy at rest and during stress is offset by a concurrent reduction in neurovascular transduction, Moreover, it puts these variables in the context of changes in circulating reproductive hormones and volumeregulatory factors.
In the present study, both participants had healthy pregnancies, with similar baseline haemodynamics and body mass index trajectories, that resulted in healthy pregnancy outcomes. We demonstrated that increases in SNA were strongly correlated with progesterone and oestrogen concentrations throughout pregnancy.
These data suggest that the increase in sex hormones with gestation may be an important factor in sympathetic hyperactivity. Although we did not observe a relationship with testosterone, some evidence suggests that it might also play a role (Carter, 2013) .
Hypervolaemia with concomitant low sodium concentrations secondary to the blood volume expansion observed during pregnancy has been attributed to changes in vasopressin secretion in response to hyperosmotic stimuli (Brunton, Arunachalam, & Russel, 2008) and to changes in plasma aldosterone concentrations (Wilson et al., 1980) .
Our results suggest that both these hormones increased throughout pregnancy. Moreover, we found that they were strongly correlated with SNA. This is consistent with our recent work demonstrating a similar pattern in the third trimester of pregnancy . Therefore, these findings suggest that during pregnancy, a complex mechanism underlying central sympathetic activation could be responsible for the observed increase in SNA.
Previous findings from researchers in our laboratory have shown that during a CPT, pregnant women in their third trimester have a greater increase in SNA accompanied by a smaller change in vascular resistance (i.e. a decrease in vascular sensitivity) compared with nonpregnant women (Usselman et al., 2015b (a) (b)
Mean arterial blood pressure (systolic/diastolic blood pressure), heart rate and SNA burst frequency and burst incidence (raw neurograms) before, during and after pregnancy from participant 1 (a) and participant 2 (b). Abbreviations: EF, early follicular; SNA, sympathetic nerve activity; and 100hb, 100 heart beats. Although we found similar trends for both our participants, there was obvious heterogeneity in the data presented. It is important to note that the different responses could be a result of biological variation. Moreover, there is a difference in age (12 years) and parity between participants. It has been established that SNA increases with age (Narkiewicz et al., 2005; Peinado et al., 2017) . However, the absolute difference between the two participants for their
TA B L E 2
Correlations between autonomic nervous system activity, hormones, blood volume-regulating factors and insulin non-pregnant SNA data (6 bursts min −1 in EF phase; 4 bursts min −1 postpartum) is within the normal ranges (Narkiewicz et al., 2005) and might not be physiologically relevant. In contrast, it has been hypothesized previously that cardiovascular adaptations achieved during a previous pregnancy might facilitate vascular compliance in subsequent pregnancies (Bernstein, Meyer, Osol, & Ward, 1998) , which might explain the blunting of the baroreflex gain in participant 1, but not in participant 2.
Owing to a variety of logistical challenges, pregnancy research often involves either cross-sectional studies or the use of data during the postpartum phase as a control for a non-pregnant state. In our study, we found that the percentage change between the EF phase and the postpartum phase was high (up to 27.9%), suggesting that the use of postpartum data as a reference point might be misleading and could introduce error in research findings.
In conclusion, we found that pregnancy is characterized by a progressive increase in SNA together with a decrease in neurovascular transduction. We have identified significant associations between SNA, sex hormones and blood volume-regulatory factors across gestation, suggesting that hormonal surges might be associated with a central sympathetic activation. Owing to the nature of this study, causality cannot necessarily be inferred from our present results.
However, further studies using a multivariable analysis approach would help to elucidate the mechanisms that lead to an increase in SNA with a concomitant decrease of neurovascular transduction during pregnancy.
